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ABSTRACT  
Pavement surface temperature is calculated using a fundamental energy balance 
model developed previously. It can be studied using a one-dimensional mathematical 
model. The input to the model is changed, to study the effect of different properties of 
pavement on its diurnal surface temperatures. It is observed that the pavement surface 
temperature has a microclimatic effect on the air temperature above it. A major increase in 
local air temperature is caused by heating of solid surfaces in that locality. A case study 
was done and correlations have been established to calculate the air temperature above a 
paved surface. Validation with in-situ pavement surface and air temperatures were made. 
Experimental measurement for the city of Phoenix shows the difference between the 
ambient air temperature of the city and the microclimatic air temperature above the 
pavement is approximately 10 degrees Fahrenheit. One mitigation strategy that has been 
explored is increasing the albedo of the paved surface. Although it will reduce the 
pavement surface temperature, leading to a reduction in air temperature close to the surface,   
the increased pavement albedo will also result in greater reflected solar radiation directed 
towards the building, thus increasing the building solar load. The first effect will imply a 
reduction in the building energy consumption, while the second effect will imply an 
increase in the building energy consumption. Simulation is done using the EnergyPlus tool, 
to find the microclimatic effect of pavement on the building energy performance. The 
results indicate the cooling energy savings of an office building for different types of 
pavements can be variable as much as 30%.  
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1   INTRODUCTION 
Urbanization and industrialization improve our material lives and comfort; 
however, they also induce many problems to human beings, such as global warming, 
industrial waste, and air pollution. Apart from the adverse global impacts, they affect 
regional urban areas more seriously and obviously where industrial activities and heavy 
use of synthetic construction materials are commonly observed. By the year 2010, 50% of 
the population of the world and 79% of that of the United States were living in urban areas, 
and this percentage is projected to grow in the future (1). The urban areas have increased 
temperatures when compared to rural areas because of the higher density of buildings and 
pavement materials.  These engineered materials have higher surface temperature because 
of their properties of high solar absorption rate and consequent thermal energy storage. 
Whereas, the green foliage in rural and suburban areas have lower surface temperature in 
comparison to the cities. This is because of the cooling mechanisms such as moisture 
transpiration between the green foliage and its environment in rural or suburban areas. This 
increased temperature of surfaces in cities tends to generate higher urban air temperature 
during the day and night. This is known as the Urban Heat Island (UHI) effect, which is 
one of the most well-studied urban climate modifications caused by anthropogenic 
activities. Many literature sources have confirmed that the UHI is strongly correlated with 
urban land use (2) and that the magnitude of the UHI increases during the urbanization 
process (3) (4). Arnfield (5) provided a review on the studies of the UHI effect with a broad 
geographic scope. A 1993 study by the US Department of Energy showed an increasing  
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trend in cities’ temperatures, where buildings and pavements began replacing agricultural 
lands and also reported increased energy consumption (6, 7). It is estimated that by the year 
2030, 61% of the world’s 8.1 billion people will live in cities (8). 
A huge amount of interest is being taken by researchers, industries, 
environmentalists and the public in UHI mitigation. Some common steps to mitigate the 
effect are the design of landscapes with increased amount of vegetation (9, 10); 
conventional construction materials replaced with new materials having beneficial thermal 
properties (11, 12); lower albedo materials replaced with higher albedo materials (12, 13), 
etc. 
 
 
 
Figure 1.1 shows that solar radiation is not completely absorbed by the surface. A 
part of the radiation is absorbed by the pavement, and a part of it is reflected back. If there 
Figure 1.1 Effect of pavement on surrounding buildings 
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are buildings nearby, the reflected radiation is absorbed by the surrounding concrete mass. 
Also some of the absorbed heat by the pavement during day time is slowly emitted to the 
sky at night time.  
Modification of land surface and the use of materials such as concrete and/or 
asphalt are viewed to be the main factors influencing the surface energy balance and 
therefore the environmental temperature in urban areas. This report explores the extent to 
which pavement influences the ground temperatures.  It also investigates the effect of 
reflected radiation and pavement surface temperature on adjacent building energy 
consumption.  In essence, this study provides additional appreciation to the complex issue 
of how pavement structures with different material types and properties influence 
surrounding surface and air temperatures.   
The following types of pavements are examined: a) Hot Mix Asphalt (HMA), b) 
Pervious Portland Cement Concrete (PPCC), c) Portland Cement Concrete (PCC), and d) 
Ultra-thin Whitetopping (UTW). It is noteworthy that properties for the different paving 
materials were extracted from various literature, and the simulations were done using the 
EnergyPlus tool (31).  
1.1        OBJECTIVE 
There is considerable interest in developing improved understanding of how nearby 
surface materials, especially man-made ones like parking lots and other paved surfaces, 
affect the energy performance of buildings (13, 15).  This situation is complex and not 
easily described by simple models.  On the one hand, increasing the albedo of a parking lot 
adjacent to a building will reduce the pavement surface temperature, leading to a possible 
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reduction in air temperature above the pavement and thus a reduction in outside air 
temperature that the building experiences.  However, some studies have shown that the air 
temperature 2 feet above ground is not greatly affected by the type of pavement present 
(32). On the other hand, the increased pavement albedo is hypothesized to increase the 
reflected solar radiation directed towards the building, thus increasing the building solar 
load.  The first effect will tend to reduce the building energy consumption, while the second 
effect will tend to increase it.   
In order to clarify understanding of these interactions, the objectives of this thesis 
are the following: 
 Determine how some of the thermophysical properties (albedo and thickness) of 
pavement materials affect the near-surface air temperature of pavements. 
 Determine the anticipated of the air temperature rise above the pavement surface.  
 Determine the microclimatic building cooling energy consumption because of the 
accrued effect of reflected radiation, pavement surface type and increased local air 
temperature.  
1.2       ORGANIZATION OF THIS THESIS 
The scope of this work is broken down in the following tasks: 
Task 1: Research and document existing models, field measures and software capable of 
determining the surface temperature of different kinds of pavements. 
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Task 2: Research and develop a model using Equest (33); examine the impact on cooling 
electricity demand because of increased local air temperature above various pavement 
types. 
Task 3: Design a simple model to predict approximate air temperature above the pavement 
surface.  
Task 4: Validate the air temperature model using measured field temperatures and results 
from an existing Envi-Met (14) model. 
Task 5: Determine the building cooling energy consumption using EnergyPlus software, 
as a cumulative effect of ground reflectance, view factor of building to ground, different 
pavement surface temperature and increased near-surface local air temperature.  
Details of each of these tasks are distributed in the flowing chapters. Chapter 2 
gives a summary of a literature review focusing on Urban Heat Island (UHI), various 
aspects that are causing UHI and mitigation strategies. Chapter 3 describes various 
pavement materials and their thermophysical properties that are considered in this work. 
In chapter 4 the pavement surface temperature is calculated using a fundamental energy 
balance model developed previously which is a one-dimensional mathematical model. The 
input to the model is changed to study the effect of different properties of pavements on 
their diurnal surface temperatures. A combined study of experimental field work and 
simulation using the three-dimensional Envi-Met model (14) led to the establishment of a 
correlation to calculate the air temperature above the pavement surface.  The effect of the 
albedo of the different pavement materials is evaluated to determine the impact on the local 
air temperature rise. In chapter 5, detailed EnergyPlus-based commercial building energy 
  6 
consumption simulation is described and results discussed. The results describe the energy 
consumption required to cool a commercial building for different types of nearby 
pavements.  
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2   LITERATURE REVIEW 
 There are several causes of an urban heat island (UHI); for example, dark surfaces 
absorb significantly more solar radiation, which causes urban concentrations of roads and 
buildings to heat more than suburban and rural areas during the day (6, 7); materials 
commonly used in urban areas for pavement and roofs, such as concrete and asphalt, have 
significantly different thermal bulk properties (including heat capacity and thermal 
conductivity) and surface radiative properties (albedo and emissivity) than the surrounding 
rural areas. This causes a change in the energy budget of the urban area, often leading to 
higher temperatures than surrounding rural areas (9). Another major reason is the lack of 
evapotranspiration (for example, through lack of vegetation) in urban areas. With a 
decreased amount of vegetation, cities also lose the shade and cooling effect of trees, and 
the removal of carbon dioxide (13, 14). Other causes of UHI are due to geometric effects. 
The tall buildings within many urban areas provide multiple surfaces for the reflection and 
absorption of sunlight, increasing the efficiency with which urban areas are heated. This is 
called the "urban canyon effect". Another effect of buildings is the blocking of wind, which 
also inhibits cooling by convection and prevents pollution from dissipating. Huge 
quantities of solar radiation are largely stored and re-radiated in urban areas due to massive 
construction material and decreased sky view factor. The urban areas also possess less 
vegetation due to their typical land use. High roughness structure is another problem of 
urban areas which reduces the convective heat removal. Waste heat from automobiles, air 
conditioning, industry, and other sources also contribute to UHI. The adverse effects of 
UHI include the deterioration of living environment, increase in energy consumption (17), 
elevation in ground-level ozone (18), and even an increase in mortality rates (19). Studies 
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have shown that such an effect will result in higher energy and water consumption. The 
peak urban electrical demand rises by about 2–4% for each 1°C rise in the daily maximum 
temperature above a threshold of 15–20°C (20). In Sacramento, California, simulations 
indicated that whitewashing the buildings can result in direct savings of up to 14 and 19% 
on cooling peak power and electrical cooling energy, respectively (21). The hotter air also 
contributes to the acceleration of smog ozone production, which is a major health and 
environmental concern (22). A study of Los Angeles by the Lawrence Berkeley National 
Laboratory (LBNL) showed that cooling of the city by 3°C will reduce smog by 12%, 
yielding a savings of $360,000,000 per year, $76,000,000 of which is saved as a result of 
cooling the pavements (22). The savings from cooler pavements is set to increase, given 
that more and more roads and pavements are now constructed for accessibility with the 
expansion of city urbanization. It is found that these added volumes of pavement materials 
contribute to 29–45% of the urban fabric (23). 
Pavements’ contribution to UHI is much more complex than surface material type 
and reflectivity. Although reflectivity (albedo) plays an important role in pavement surface 
temperature, prudence should be exercised when using it as a sole parameter to 
describe pavements’ contribution to UHI or for a “cool pavement” designation. Literature 
has shown that porous pavements with open void structure do not have higher reflectivity, 
but have evaporative cooling and insulating effects which cause the surface temperature to 
be lower at night than conventional materials with higher reflectivity (6). In fact, the 
complexity of the UHI effect makes it a challenging task to isolate the effects of pavement 
surfaces alone as a contributing factor (34).  
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2.1         CAUSES OF URBAN HEAT ISLAND 
The main driving factors which contribute to UHI include any or all of the 
following (20): 
Canyon Geometry: 
Buildings form “canyons” that tend to trap thermal energy near the bottom surface. 
Thermal Properties: 
The materials, concrete, asphalt, roofs, and walls tend to be denser and absorb and retain 
more thermal energy than natural surface cover. 
Anthropogenic Heat 
Heat released from combustion of fuels, electrical energy used for lighting and driving 
motors, and human and animal biological metabolism can elevate the temperatures within 
dense urban areas. 
The Urban Greenhouse Effect 
The warmer air and air pollution within cities act as a micro-greenhouse effect, preventing 
heat from radiating from the warm surfaces. 
The Effective Reflectivity (Albedo) 
The total reflectivity of a city is reduced due to the trapping effect of short-wave radiation 
of its building canyons. 
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Reduction of Evaporating Surfaces 
As a city expands natural vegetation is removed at a greater rate than it is replaced. This 
loss of moisture can adversely affect temperatures within the city. 
Reduced Turbulent Transfer of Heat 
In some areas of the city, wind patterns can actually be blocked, causing pockets with little 
wind flow and mixing. This reduced mixing of air greatly reduces the heat release from 
streets.   
Some of the environmental considerations include air, surface, and subsurface 
temperatures, cloud cover, direct sun light and solar radiation, humidity level, wind 
velocity, and surrounding land cover. Physical parameters include material constituents, 
surrounding materials and anthropogenic heat sources, build up concentration levels and 
ground heat flux. 
2.2        DETERMINATION OF URBAN HEAT ISLAND 
Space technology has been successfully employed in determining the surface 
temperature and surface energy balance (SEB). Many studies have demonstrated the wide 
and versatile applications of space technology. An example is the study conducted by 
Voogt and Grimmond (21) who have determined the sensible heat flux in Canada through 
remotely sensed surface temperatures. Kondoh and Nishiyama (22) have studied the 
changes in evaporation in Japan using space technology. The surface parameters, such as 
albedo and soil properties, were determined by Hafner and Kidder (23) using advanced 
very high resolution radiometer (AVHRR) satellite data.  
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Numerical modeling is another important supporting tool with a wide area of 
successful applications in studying UHI. The applications of this supporting tool varies and 
covers the determination of important influencing factors such as wind speed, 
anthropogenic heat release, and thermal properties such as albedo, sensible and latent heat. 
Lemonsu and Masson (2002) used numerical models and reported that conduction of heat 
in buildings is the most significant contributor in SEB. Arnfield and Grimmond (1998) also 
used numerical models and reported that the wall thermal properties and building height-
to-separation ratio have the most important influence on SEB.  
2.3        MITIGATION OF URBAN HEAT ISLAND 
Many studies have reported widely and successfully applied measures on 
mitigating the urban heat island effects with promising financial and environmental 
benefits. The possible mitigating measures could broadly be categorized as: (1) related to 
reducing anthropogenic heat release (e.g. switch off air conditioners); (2) related to better 
roof design (e.g. green roofs, roof spray cooling, reflective roofs etc.); (3) other design 
factors (e.g. humidification, increased albedo, photovoltaic canopies etc.). 
The focus of this work is on pavement material and its impact on local air 
temperature and building energy consumption. The savings from cooler pavements is set 
to increase, given that more and more roads and pavements are now constructed for 
accessibility with the expansion of city urbanization. It is found that these added volumes 
of pavement materials contribute to 29–45% of the urban fabric (7). In light of such high 
potential benefits derived from pavement cooling, research studies have been extensively 
carried out for finding ways to mitigate and predict the high pavement surface 
temperatures. One such method suggested is the utilization of porous materials for 
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pavement construction that allows water exchange between the ground surface and the 
deep soil layer, thus promoting evaporation (24). Others involve changing the albedo 
(reflectivity) characteristics of the pavement through a special paving process that allows 
exposure of light colored high-albedo aggregate on the surface (25), or the use of a specially 
developed paint, which has high albedo but low brightness (26). Yet others developed 
mathematical models to simulate and predict the pavement temperatures with varying 
materials (13, 15, 16). 
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3   PAVEMENT MATERIALS AND THEIR THERMOMECHANICAL 
PROPERTIES 
In this chapter I have given some details of the pavement materials examined in 
this work including definition and thermomechanical properties. 
3.1        DEFINITION OF PAVEMENT MATERIALS 
The following five type of pavement materials are considered in this work: 
Hot Mix Asphalt (HMA): The term hot-mix asphalt (HMA), in general, refers to a mixture 
of aggregate bound together into a solid mass by asphalt cement. It typically consists of 
95% gravel and sand, and 5% asphalt cement (bitumen or binder).  It is commonly also 
known as Asphalt Concrete. 
Pervious Portland Cement Concrete (PPCC): It is a high cement content mix with no 
fine aggregates and a low water-cement ratio.  Due to the recent amendments of the Clean 
Water Act, many Best Management Practices (BMPs) are used to improve the storm water 
conditions (17). Pervious Portland Cement Concrete (PPCC) is one of the practices that are 
being used. The name is derived from the structure of the material that allows the water to 
infiltrate into the soil (porous). PPCC contains a large volume of pore spaces that allows 
for evaporation of water and therefore acts as a temperature buffer. Some studies suggest 
that PPCC can be considered as a cool pavement in areas with warm climate conditions 
(18). 
Portland Cement Concrete (PCC): It is roughly 40% gravel, 39% sand, 13% Portland 
cement and 8% water. The typical thickness varies between 8-12 inches. 
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Utra-Thin Whitetopping(UTW) pavement: In the industrial terminology whitetopping 
is a layer of conventional Portland cement concrete laid over new or existing asphalt 
pavement. It is typically 2-4 inches thick.  
Road Aggregate or Base: It is a gravel and sand mixture often placed below the upper 
paved layers of a road.  
3.2        MATERIAL THERMAL PROPERTIES  
Five types of pavements were included in this analysis: hot mix asphalt (HMA), 
pervious Portland cement concrete (PPCC) having an albedo of 0.18, pervious Portland 
cement concrete (PPCC*) having an albedo of 0.25, Portland cement concrete (PCC) and 
ultra-thin whitetopping (UTW).  Each pavement type was analyzed using a typical albedo 
range for the material types.  Table 3.1 below provides a summary of the pavement 
properties used in this analysis (35).  Recognizing that the material properties of the 
subgrade are highly dependent on the type of material, mineral content, particle size and 
moisture content values, typical values were selected to represent a dry clay subgrade (32).  
Models are available to predict the thermal properties of subgrade material, but are also 
complex and out of the scope of this study. The thermophysical properties are explained in 
the following section. 
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Structure 1 2 3 4 5
Material HMA PPCC PPCC* PCC UTW
Albedo 0.05, 0.1 0.18, 0.35 0.25 0.15, 0.25 0.25
0.2 0.91 0.35
Emissivity 0.91 2100 0.91 0.91 0.91
Density (kgm
-3
) 2238 950 2100 2350 2350
Specific Heat
 (Jkg
-1
K
-1
)
921 1.1 950 1000 1000
Conductivity 
(Wm
-1
K
-1
)
1.2 8 1.1 1.5 1.5
Thickness (in) 2,8 0.001 8 2,8,10 2,4,8
Interface 
Resistance  
0.001 0.001 0.001 0.001
Layer 2
Material
Aggrega
te
Gravel Gravel Aggregate Aggregate
Density (kgm
-3
) 2000 2400 2400 2000 2000
Specific Heat
(Jkg
-1
K
-1
)
1050 840 840 1050 1050
Conductivity 
(Wm
-1
K
-1
)
1.2 0.35 0.35 1.2 1.2
Thickness (in) 4 4 4 4 4
Interface 
Resistance 
0.001 0.01 0.01 0.001 0.001
Material Dry Soil Dry Soil Dry Soil Dry Soil Dry Soil
Density (kgm
-3
) 1500 1500 1500 1500 1500
Specific Heat
(Jkg
-1
K
-1
)
1900 1900 1900 1900 1900
Conductivity 
(Wm
-1
K
-1
)
1 1 1 1 1
Additional 
Factors
Sky View
Factor
0.95 0.95 0.95 0.95 0.95
Solar View
Factor
0.85 0.85 0.85 0.85 0.85
Layer 3 (Ground)
Layer 1
Table 3.1 Pavement Thermophysical Properties, where Layer 1 is above 
Layer 2, and Layer 2 above Layer 3.  Five different pavement structures 
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3.3        PAVEMENT MATERIAL THERMOPHYSICAL PROPERTIES  
Thermal properties such as thermal conductivity, specific heat capacity, and 
thermal diffusivity, have become increasingly important when analyzing the thermal 
behavior of different pavement structures and materials and their impact on the surrounding 
temperature. Evaluating the thermal behavior of urban materials requires understanding of 
the key thermophysical properties of matter that govern thermal phenomena.  There are 
two distinct categories of these properties: those related to the transfer of heat and those 
related to the thermodynamic or equilibrium state of a system.  There are three ways that 
heat transfer can take place, namely, conduction, convection and radiation.  The material 
property related to the conduction mode is thermal conductivity (k), for convection, it is 
convective heat transfer coefficient (h). Heat transfer properties of materials relating to 
radiation include albedo (α) and emissivity (ε).  The material properties related to the 
thermodynamic or equilibrium state are different from the transfer properties. They relate 
mainly to the transient nature of the thermal response of a material. These properties 
include density (ρ) and specific heat capacity (Cp) which form the basis for volumetric heat 
capacity and thermal diffusivity. These properties and terms are discussed in further detail 
below.  
3.3.1 Albedo 
A portion of solar radiation, incident on a pavement surface, will be absorbed by 
the surface and increase its thermal energy.  The rate at which this energy is absorbed per 
unit of surface area is dependent on the absorptivity (αabs) of the surface material and can 
be expressed mathematically as:  
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 =   (3.1) 
Where: 
= total radiation absorbed by the surface per unit area 
  = total radiation per unit area incident to the surface 
 = absorptivity of the surface 
The radiative property αabs ranges from zero to one, where a value of zero implies 
that no energy is absorbed by the surface.  Most opaque (transmittance = 0) surfaces have 
αabs< 1 which means some of the incoming radiation to the surface is reflected back into 
the atmosphere.  The rate at which energy is reflected by the surface is known as the albedo 
() of the surface and can be expressed by the following mathematical relationship. 
 = 1 −  (3.2) 
More simply, the albedo is the ratio of electromagnetic radiation reflected to the 
radiation incident on a surface.  It takes into account the full spectrum of solar radiation 
and not just those in the visible range. Very often, high albedo is related to lighter shades 
of colors.  It is regarded by many researchers as one of the most influential factors in the 
mitigation of UHI effect in urban centers (6, 27, 30). 
3.3.2 Emissivity 
A portion of the thermal energy contained within a pavement is constantly being 
emitted as radiation back into the atmosphere. The rate at which the energy is emitted per 
unit area is referred to as the surface emissive power, E (Wm-2). The maximum emissive 
power of any surface is governed by the Stefan-Boltzmann law: 
 =  (3.3) 
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Where: 
= the total emissive power of a blackbody or ideal radiator 
  = Stefan-Boltzmann constant = 5.67 x 10-8 Wm-2K-4 
= absolute temperature (K) 
A real surface does not radiate all of its energy like that of a blackbody.  Therefore, 
the power emitted from a real body is determined by the following equation: 
 =  (3.4) 
Where, 
 ε = the emissivity of the surface 
E = the emissive power of a real body with emissivity ε 
Emissivity values are very useful for estimating how efficient a surface can emit energy 
relative to a blackbody. The emissivity of a surface greatly depends on the surface material 
and its finish.  Thermal emissivity can be measured using ASTM E 408, ASTM C 835, and 
ASTM C 1371. 
3.3.3 Density 
Density (ρ) is widely used in thermal analysis and is a measure of mass per volume 
of a substance.  Density is an important thermal property and can affect the temperature of 
paving materials.  Mathematically, it is expressed by the following equation and reported 
as kg/m3 or lb/ft3: 
V
m
=ρ  (3.5) 
Where, 
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m = the mass of the material 
V = volume of the material 
3.3.4 Specific Heat 
Specific heat (cp) is also a very important property used in thermodynamics. It is 
defined as the amount of heat energy required to raise the temperature of one gram of a 
substance by 1oC. Common units of specific heat are J kg-1 K-1 and Btu lbm-1o F-1. 
3.3.5 Thermal Diffusivity 
The ratio of thermal conductivity to the volumetric heat capacity is an important 
property used in heat transfer analysis.  This property, termed thermal diffusivity (α), is the 
ability of a material to conduct heat relative to its ability to store heat energy. 
Mathematically it is expressed as: 
p
diff
c
k
ρ
α =  (3.6) 
Where,  
 αdiff = thermal diffusivity 
 k = thermal conductivity 
 ρ = density 
 cp = specific heat 
 The common unit for thermal diffusivity is m2 s-1. The thermal 
diffusivity enables one to estimate how a material will behave under certain conditions. 
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For instance, a material having a very large αdiff will respond more quickly to thermal 
changes than a material of small αdiff.  And therefore, a material with a smaller αdiff value 
will take longer to reach an equilibrium state.  
3.3.6 Thermal Conductivity  
Conductive heat transfer is a result of energy transfer from the more energetic 
particles of a substance to the less energetic particles due to the random interactions of 
atoms at the molecular level.  Heat transfer processes can be described using rate equations 
and in the case of conduction, Fourier’s law is applied. For one-dimensional heat transfer, 
this conduction equation is expressed as: 
dx
kdT
q x
−
=
″  (3.7) 
Where,   
″
xq  = heat flux (W/m
2)  
dx
dT
 = temperature gradient through a surface in the x direction 
k  = thermal conductivity (Wm-1K-1)  
Thermal conductivity is the rate constant that governs the heat flux through a body and is 
a transport property characteristic of the material.  Many different factors play a role in the 
thermal conductivity of a given material. In most cases involving pavement materials, 
thermal conductivity values are not easily available in the literature. In the past, these 
thermal transport characteristics have never been given much attention during pavement 
design or mixture design.   In addition, the thermal conductivity of a pavement is generally 
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dependent on the type of mix, the aggregates used, the percentage of each component in 
the mix, and its level of compaction.  In terms of aggregate base materials or subgrade 
materials, the thermal conductivity is a function of material type, mineral content, moisture 
content, particle size and overall density.  There has been significant experimental and 
numerical work in determining pavement thermal conductivity (26). 
3.3.7   Porosity and Permeability  
The porosity of a material is commonly defined as the ratio of the volume of pores 
in a substance to its total volume.  Porosity is an important design consideration when 
permeability is desired. 
Permeability is commonly defined as the ability of a surface material to allow fluids 
such as rainwater to pass through. The majority of HMA and PCC pavement designs limit 
the transport of water which results in increased surface runoff.  As porosity of a pavement 
increases the interconnectivity of the pores improves resulting in a permeable structure.  
Permeability is also an important factor when considering surface energy fluxes.  
Permeable areas such as exposed soil and grass landscaping are often cooler during the day 
because of their ability to transform incident solar radiation into latent heat.   Non-
permeable pavements lack this ability, thus increasing the thermal energy stored in the 
material.  Therefore, properties of porous paving materials may result in lower pavement 
temperatures. 
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4   INFLUENCE OF PAVEMENT ON NEAR SURFACE AIR TEMPERATURE  
4.1        INTRODUCTION 
A one-dimensional mathematical model developed by Gui J. et al (16) is used to 
calculate the pavement near-surface temperatures using hourly measured solar radiation, 
air temperature, dew-point temperature, and wind velocity data. The underlying concept of 
the model is based on the fundamental energy balance, taking into account convection and 
radiation at the surface, and conduction into the ground.  This model is capable of 
evaluating the effects of pavement properties such as: thermal conductivity, volumetric 
heat capacity, thermal diffusivity, albedo and emissivity on pavement temperatures. 
Schematics in Figure 4.1 shows modes of energy transfer and balance of energy to estimate 
temperature. The following section goes into the details of the mathematical model. 
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Figure 4.1  Pavement energy balance (16) 
 
4.2       AIR TEMPERATURE MODEL 
4.2.1 Estimate of Pavement Contribution to Air Temperature – Simple Approach 
The temperature of the air near the ground is mainly influenced by the solid surface 
temperature beneath it. Most of the solar energy flux (insolation) is absorbed by the solid 
ground. To estimate the air temperature near the ground, one needs to first estimate the 
surface temperature. Using the law of conservation of energy, one can write down the 
energy balance equation for the heat flow in and out of the ground surface. The incident 
solar power density (I) is absorbed at the surface proportional to the absorptivity () of the 
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surface. At steady state, all of this energy is lost by a) radiation to the cooler sky (Stefan-
Boltzmann law), b) convection loss to the surrounding air and c) heat conduction from the 
surface to the cooler deeper earth. The energy balance is written in the following form: 
  = 1 −  =  −   + ℎ −  − Κ   !⁄ |$%& (4.1) 
From this equation, I can find a simple form to calculate the surface temperature. In the 
first step, the radiation term is factored for the difference of fourth power of temperatures. 
Also the conduction loss to the deep ground differential is replaced by a delta between the 
surface temperature of  and deep ground temperature of  at a depth of z. This is written 
in the following form.  
  = 1 −  = ' + '  +  −  + ℎ −  − Κ −
/!  (4.2) 
For the next step, I can approximate as follows: 
 ' + '  + ~4+  (4.3) 
This gives: 
 = 4+  −  + ℎ −  − Κ − /! 
All the terms on the right hand side include the difference between Ts and another 
temperature. This equation can be further reduced in the following form: 
  = , − -.. (4.4) 
where 
 , = 4+ + ℎ − Κ/z (4.5) 
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, represents heat flows by radiation, convection, and conduction. -..is defined by: 
 -.. = 4 + ℎ − Κ/z/, (4.6) 
Teff is an effective temperature to which the surface is rejecting heat, and Ts can be written 
as: 
  = 01 + -.. (4.7) 
This form of the energy-balance equation shows the direct correlation of the ground surface 
absorptivity to the surface temperature. With higher albedo () or lower surface 
absorptivity (), the surface temperature can go down. Choosing higher albedo material 
for city pavements, sidewalks, roofs, etc. can reduce the heat island effect. 
4.2.2 Estimate of Pavement Contribution to Air Temperature 
Detailed modeling methodology was previously developed to calculate air 
temperature as a function of pavement temperature, material properties, etc. For example, 
the change in air temperatures in Los Angeles (LA) resulting from whitening both 
pavements and roofs was calculated (27). In this study, a simple expression to estimate the 
air temperature as a function of pavement temperature is derived by using available data 
on the diurnal air-temperature increase, and the albedo. The main assumption in this 
methodology is that the major part of the air temperature rise is caused by the surface 
temperature and this is expressed as a proportionality between the surface temperature 
swing through the day and the air temperature swing through the day:  
 2 − 3 = 42 − 3 (4.8) 
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or, 
 Δ = 4Δ (4.9) 
where Δ = 2 − 3 is the diurnal change in air temperature from its maximum 
temperature 2 to its minimum temperature 3. Similarly, Δ = 2 − 3 is the 
diurnal change in surface temperature from its maximum temperature 2 to its minimum 
temperature 3. Here 4 is the proportionality constant and can be fitted based on a set of 
experimental or weather data. Substituting the surface temperature equation (4.7) from 
above I get: 
 Δ = 4 701 + -.. − 38 (4.10) 
Simple experimental data of pavement surface temperature and air temperature at different 
heights were measured. It is noted that this was done only for few parking lots over a small 
period of time to provide some guidance and data to evaluate this study’s approach. Based 
on that data, 4 at different heights are fitted. In the next section I have described the 
experimental setup and experimental results. By changing the absorptivity of the surface 
(pavement, side walk, roofing, etc) I can estimate the change in the air temperature.  
4.3         EXPERIMENTAL MEASUREMENT OF AIR TEMPERATURE 
4.3.1 Location and Data Collection 
Thermal sensors from the The Transtec Group were used for this experiment.  The 
DS1920 Temperature iButtonTM sensors are internally powered and log temperature with 
an accuracy of ± 1.8˚F (1˚C). Figure 4.2 illustrates one of the iButtonTM sensors. The 
collected information is then downloaded into a COMMAND software application 
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installed on a computer.  Sensors can be configured to begin recording data after a certain 
time delay and can record temperature data at desired intervals up to 2000 readings.  
 
Figure 4.2 Air temperature sensor from iButtonTM 
For the purpose of this small experiment, nine sensors were attached to a wooden 
stand to measure pavement surface temperature and air temperature as shown in Figure 
4.3. Sensors were spaced at one-foot intervals to measure air temperature up to eight feet 
above the pavement surface while the last sensor was placed directly on the pavement 
surface. 
 
Figure 4.3 Air temperature measurement apparatus 
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Temperature data were collected from four locations on the ASU campus.  Surface 
material included two dense graded asphalt pavements, a grass area and pervious Portland 
cement concrete.   Temperature values were recorded at 10-minute intervals during data 
collection.  This was a quick-check experiment, and due to the time and equipment setup 
limitations, air temperatures at each location were measured on different days and the 
duration of measurement ranges from 8:30am-7pm.  
4.3.2 Field Experimental Results 
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Figure 4.4 Air temperature above asphalt pavement September 30, 2010 
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In order to simplify the data for graphing purposes, average 30-minute temperatures 
were calculated and plotted.  Figure 4.4 presents the graphical representation of the air 
temperature as a function of height above the pavement surface for dense graded asphalt.   
In general, the pavement temperature remains higher than the air temperatures during 
exposure to solar radiation.  After sunset, the pavement temperature drops and becomes 
similar to the surrounding air temperatures. Based on this experimental data eqn. (4.9) is 
fitted for various heights above the ground to get γ as a function of ground height. This is 
tabulated in table 4.1. The author acknowledges the limited data collected, and basically 
wants to emphasize the approach or methodology.  
 
 
Height above 
Pavement  
γ
1 ft  (0.3 m) 0.99
2 ft  (0.6 m) 0.993
3 ft  (0.9 m) 0.992
4 ft  (1.2 m) 0.992
5 ft  (1.5 m) 0.99
6 ft  (1.8 m) 0.99
7 ft  (2.1 m) 0.988
8 ft  (2.4 m) 0.988
Table 4.1: Air temperature prediction model coefficients 
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4.3.3 Effect of Albedo on Above-Surface Air Temperature. 
The effect of albedo on the pavement surface temperature, and the heated air 
temperature near the surface has been studied.  From eqn (4.7) I can estimate pavement 
surface temperature. From the previous section I described the methodology of estimating 
γ as a function of ground height. Using eqn. (4.10) and γ from the previous segment, I can 
estimate the impact of pavement surface albedo on air temperature as a function of ground 
height. I modeled Dense Grade mixture with Density = 2238 kg/m3, Specific Heat= 
921 Jkg-1C-1, Thermal Conductivity= 1.2 Wm-1C-1 . To study the impact of albedo, the 
albedo of the pavement material is theoretically varied ranging from 0.1 - 0.8. To give an 
example fresh asphalt typical albedo is ~ 0.04, worn asphalt ~ 0.12, new concrete ~ 0.55, 
fresh snow ~ 0.85 (16). I used AZMET air temperature data for Phoenix for the date of 
7/18/2009. AZMET (The Arizona Meteorological Network) compiles AZ weather data 
(http://ag.arizona.edu/azmet/). In table 4.2 I have summarized the air temperature as a 
function of height above the pavement. The data are also plotted in figure 4.5. Here SR-1, 
SR-2, etc. denote height above the ground in feet, i.e. SR-1 = 1 ft, SR-2 = 2 ft. and so on. 
Again, I would like to emphasize the methodology and approach on utilizing such limited 
data; future follow-up studies need to carefully design a more comprehensive data 
collection scheme over a longer period of time.   
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Figure 4.5 Correlation of albedo and temperature 
Average AZMET Operative
Albedo Pavement 1 ft 2 ft 3ft 4 ft 5 ft 6 ft 7 ft 8 ft Air Temp Air Temp Air Temp
Temp °C 0.3 m 0.6 m 0.9 m 1.2 m 1.5 m 1.8 m 2.1 m 2.4 m  °C  °C  °C
0.1 67.7 64.3 65.1 64.9 64.9 64.3 64.2 63.7 63.7 64.4 39.5 53.6
0.2 63.6 60.3 61.1 60.9 60.9 60.3 60.2 59.7 59.7 60.4 39.5 51.6
0.3 59.6 56.2 57.1 56.9 56.9 56.3 56.2 55.7 55.7 56.4 39.5 49.5
0.4 55.5 52.2 53 52.8 52.8 52.2 52.1 51.6 51.6 52.3 39.5 47.5
0.5 51.3 48.1 48.9 48.7 48.7 48.1 48 47.5 47.5 48.2 39.5 45.4
0.6 47.3 44.1 44.9 44.7 44.7 44.1 44 43.5 43.5 44.2 39.5 43.4
0.7 42.9 39.7 40.5 40.4 40.4 39.8 39.7 39.2 39.2 39.9 39.5 41.2
0.8 38.6 35.5 36.3 36.1 36.1 35.5 35.4 34.9 35 35.6 39.5 39.1
       Air Temperature ( °C) near surface as a function of albedo and ground height
Table 4.2 Theoretical estimation of near-surface air temperature as a function of albedo and 
ground height 
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Figure 4.5 shows that based on the AZMET data the air temperature recorded on 
that specific date was ~ 40 C. The model predicts that with increasing albedo the pavement 
temperature and the near air temperature go down. At close to an albedo of 0.75, the 
pavement temperature is estimated to be the same as the air temperature. In this plot, the 
average air temperature is the average of the SR-1 to SR-8 predictions. The operative 
temperature is the average of the pavement and AZMET temperatures. This behavior is 
expected as with increased albedo absorptivity decreases and reflectivity increases which 
means the pavement surface will be reflecting back most of the incident solar energy for 
higher albedo. Similar results were shown by Taha et. al (27).  
 
4.4         ACCURACY OF THE MODEL  
 
Using this simple model approach, air temperatures were predicted above the HMA 
pavement for data collected on September 30, 2010.  Measured and predicted air 
temperatures were plotted for comparison and the plot for 1-foot to 4-feet above the 
pavement is shown in Figures  4.6 to 4.9.  Overall, prediction was good for the air 
temperature (maximum error is less than 2 percent) however; the model tends to 
underestimate the air temperature after sunset.  This is a similar trend for heights above 
one foot except there is more error associated with predictions of air temperature above 
two feet. 
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Figure 4.6 Measured versus predicted air temperatures at 1 foot above the pavement 
In figure 4.6, MAT = Measured Air Temperature; PAT = Predicted Air Temperature; 
AZMET AT = air temperature from AZMET. The measured air temperature is from the 
experiment, predicted air temperature is from the air temperature model, and the AZMET 
air temperature is the air temperature at the Phoenix Encanto station. 
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Figure 4.7 Measured versus predicted air temperatures at 2 foot above pavement. 
In figure 4.7, MAT = Measured Air Temperature; PAT = Predicted Air Temperature. The 
measured air temperature is from the experiment, and the predicted air temperature is from 
the air temperature model. 
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Figure 4.8 Measured versus predicted air temperatures at 3 foot above pavement. 
In figure 4.8, MAT = Measured Air Temperature; PAT = Predicted Air Temperature. The 
measured air temperature is from the experiment, and the predicted air temperature is from 
the air temperature model.  
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Figure 4.9 Measured versus predicted air temperatures at 4 foot above pavement 
In figure 4.9, MAT = Measured Air Temperature; PAT = Predicted Air Temperature. The 
measured air temperature is from the experiment, and the predicted air temperature is from 
the air temperature model. 
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Table 4.3 Experimental measured air temperature 
Time    Pave   Air Temperature above pavement (°F) 
Slot Time Temp 1 ft  2 ft 3 ft 4 ft 5 ft 6 ft 7 ft 8 ft 
1 10:43:00AM 102 95.9 97.7 97.1 95.9 95.9 95 95 97.7 
2 10:53:00 AM 111 104 104 103 99.5 99.5 98.6 97.7 100 
3 11:03:00 AM 113 103 103 104 99.5 102.2 101 99.5 102 
4 11:13:00 AM 112 106 106 105 99.5 101.3 101 99.5 101 
5 11:23:00 AM 112 107 106 106 100.4 103.1 102 100 103 
6 11:33:00 AM 111 107 107 108 103.1 105.8 104 102 104 
7 11:43:00 AM 115 110 110 111 104.9 106.7 105 103 106 
8 11:53:00 AM 115 110 110 111 105.8 107.6 107 104 108 
9 12:03:00 PM 115 111 110 111 104.9 106.7 106 104 107 
10 12:13:00 PM 116 110 110 112 106.7 108.5 109 105 109 
11 12:23:00 PM 116 109 109 111 106.7 108.5 109 105 109 
12 12:33:00 PM 115 110 110 109 104.9 107.6 107 104 108 
13 12:43:00 PM 116 110 109 109 104.9 107.6 108 105 109 
  38 
14 12:53:00 PM 116 111 111 109 104.9 107.6 107 105 108 
15 1:03:00 PM 116 109 109 108 103.1 107.6 108 105 109 
16 1:13:00 PM 117 111 110 108 103.1 106.7 109 105 109 
17 1:23:00 PM 117 110 110 110 105.8 110.3 110 108 111 
18 1:33:00 PM 117 111 110 109 104.9 109.4 110 107 110 
19 1:43:00 PM 117 111 111 110 106.7 110.3 112 109 112 
20 1:53:00 PM 116 111 111 110 105.8 109.4 110 107 110 
21 2:03:00 PM 118 113 113 113 110.3 113 113 109 112 
22 2:13:00 PM 117 111 110 109 106.7 110.3 111 108 111 
23 2:23:00 PM 117 110 110 109 106.7 110.3 112 109 111 
24 2:33:00 PM 118 112 111 110 108.5 111.2 113 109 112 
25 2:43:00 PM 118 113 112 111 110.3 112.1 114 109 112 
26 2:53:00 PM 118 111 111 109 109.4 111.2 113 109 112 
27 3:03:00 PM 118 113 113 113 111.2 113 115 110 113 
28 3:13:00 PM 116 109 109 108 109.4 111.2 114 109 113 
29 3:23:00 PM 118 114 113 110 110.3 111.2 113 109 111 
30 3:33:00 PM 115 110 109 106 103.1 105.8 108 105 108 
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31 3:43:00 PM 116 110 110 107 105.8 107.6 109 106 108 
32 3:53:00 PM 106 104 110 108 107.6 110.3 111 109 109 
33 4:03:00 PM 104 99.5 102 100 104 106.7 108 105 106 
34 4:13:00 PM 102 97.7 101 102 101.3 105.8 109 106 107 
35 4:23:00 PM 101 96.8 99.5 99.5 98.6 98.6 99.5 102 105 
36 4:33:00 PM 101 97.7 100 100 99.5 99.5 100 99.5 100 
37 4:43:00 PM 101 97.7 100 100 99.5 99.5 100 99.5 99.5 
38 4:53:00 PM 100 97.7 100 100 99.5 99.5 100 99.5 99.5 
39 5:03:00 PM 99.5 96.8 99.5 99.5 98.6 98.6 98.6 97.7 98.6 
40 5:13:00 PM 98.6 95 97.7 97.7 96.8 96.8 97.7 96.8 96.8 
41 5:23:00 PM 97.7 95 96.8 96.8 95.9 95.9 96.8 95.9 96.8 
42 5:33:00 PM 97.7 94.1 96.8 96.8 95.9 96.8 96.8 95.9 95.9 
43 5:43:00 PM 96.8 93.2 95.9 95.9 95.9 95.9 95.9 95 95 
44 5:53:00 PM 95.9 93.2 95.9 95.9 95 95 95.9 95 95 
45 6:03:00 PM 95.9 92.3 95 95 94.1 94.1 95 94.1 94.1 
46 6:13:00 PM 95 91.4 94.1 94.1 93.2 93.2 94.1 93.2 93.2 
47 6:23:00 PM 94.1 90.5 93.2 93.2 92.3 92.3 92.3 92.3 92.3 
  40 
48 6:33:00 PM 93.2 90.5 92.3 92.3 91.4 91.4 92.3 91.4 92.3 
49 6:43:00 PM 93.2 90.5 92.3 92.3 91.4 92.3 92.3 91.4 92.3 
 
 
 
 
 
Table 4.4 Predicted Air Temperature 
 
Time Pavem       Air Temperature above pavement (°F) 
Slot Time Temp 
°F 
1 ft 2 ft 3 ft 4 ft 5 ft 6 ft 7 ft 8 ft 
1 10:43:00 
AM 
102.2 96.
59 
98.0
1 
97.6
9 
97.6
9 
96.6
4 
96.4
8 
95.5
9 
95.6
4 
2 10:53:00 
AM 
111.2 105
.50 
106.
94 
106.
62 
106.
62 
105.
55 
105.
39 
104.
49 
104.
53 
3 11:03:00 
AM 
113 107
.28 
108.
73 
108.
40 
108.
40 
107.
33 
107.
18 
106.
27 
106.
31 
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4 11:13:00 
AM 
112.1 106
.39 
107.
83 
107.
51 
107.
51 
106.
44 
106.
28 
105.
38 
105.
42 
5 11:23:00 
AM 
112.1 106
.39 
107.
83 
107.
51 
107.
51 
106.
44 
106.
28 
105.
38 
105.
42 
6 11:33:00 
AM 
111.2 105
.50 
106.
94 
106.
62 
106.
62 
105.
55 
105.
39 
104.
49 
104.
53 
7 11:43:00 
AM 
114.8 109
.06 
110.
51 
110.
19 
110.
19 
109.
12 
108.
96 
108.
05 
108.
09 
8 11:53:00 
AM 
114.8 109
.06 
110.
51 
110.
19 
110.
19 
109.
12 
108.
96 
108.
05 
108.
09 
9 12:03:00 
PM 
114.8 109
.06 
110.
51 
110.
19 
110.
19 
109.
12 
108.
96 
108.
05 
108.
09 
10 12:13:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
11 12:23:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
12 12:33:00 
PM 
114.8 109
.06 
110.
51 
110.
19 
110.
19 
109.
12 
108.
96 
108.
05 
108.
09 
13 12:43:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
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14 12:53:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
15 1:03:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
16 1:13:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
17 1:23:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
18 1:33:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
19 1:43:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
20 1:53:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
21 2:03:00 
PM 
117.5 111
.74 
113.
19 
112.
87 
112.
87 
111.
79 
111.
63 
110.
71 
110.
76 
22 2:13:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
23 2:23:00 
PM 
116.6 110
.85 
112.
30 
111.
97 
111.
97 
110.
90 
110.
74 
109.
82 
109.
87 
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24 2:33:00 
PM 
117.5 111
.74 
113.
19 
112.
87 
112.
87 
111.
79 
111.
63 
110.
71 
110.
76 
25 2:43:00 
PM 
118.4 112
.63 
114.
09 
113.
76 
113.
76 
112.
68 
112.
52 
111.
60 
111.
65 
26 2:53:00 
PM 
117.5 111
.74 
113.
19 
112.
87 
112.
87 
111.
79 
111.
63 
110.
71 
110.
76 
27 3:03:00 
PM 
117.5 111
.74 
113.
19 
112.
87 
112.
87 
111.
79 
111.
63 
110.
71 
110.
76 
28 3:13:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
29 3:23:00 
PM 
118.4 112
.63 
114.
09 
113.
76 
113.
76 
112.
68 
112.
52 
111.
60 
111.
65 
30 3:33:00 
PM 
114.8 109
.06 
110.
51 
110.
19 
110.
19 
109.
12 
108.
96 
108.
05 
108.
09 
31 3:43:00 
PM 
115.7 109
.96 
111.
41 
111.
08 
111.
08 
110.
01 
109.
85 
108.
94 
108.
98 
32 3:53:00 
PM 
105.8 100
.15 
101.
58 
101.
26 
101.
26 
100.
20 
100.
05 
99.1
5 
99.2
0 
33 4:03:00 
PM 
104 98.
37 
99.7
9 
99.4
7 
99.4
7 
98.4
2 
98.2
7 
97.3
7 
97.4
2 
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34 4:13:00 
PM 
102.2 96.
59 
98.0
1 
97.6
9 
97.6
9 
96.6
4 
96.4
8 
95.5
9 
95.6
4 
35 4:23:00 
PM 
101.3 95.
70 
97.1
1 
96.8
0 
96.8
0 
95.7
5 
95.5
9 
94.7
0 
94.7
5 
36 4:33:00 
PM 
101.3 95.
70 
97.1
1 
96.8
0 
96.8
0 
95.7
5 
95.5
9 
94.7
0 
94.7
5 
37 4:43:00 
PM 
101.3 95.
70 
97.1
1 
96.8
0 
96.8
0 
95.7
5 
95.5
9 
94.7
0 
94.7
5 
38 4:53:00 
PM 
100.4 94.
81 
96.2
2 
95.9
0 
95.9
0 
94.8
6 
94.7
0 
93.8
2 
93.8
6 
39 5:03:00 
PM 
99.5 93.
92 
95.3
3 
95.0
1 
95.0
1 
93.9
7 
93.8
1 
92.9
3 
92.9
7 
40 5:13:00 
PM 
98.6 93.
03 
94.4
3 
94.1
2 
94.1
2 
93.0
8 
92.9
2 
92.0
4 
92.0
8 
41 5:23:00 
PM 
97.7 92.
14 
93.5
4 
93.2
2 
93.2
2 
92.1
8 
92.0
3 
91.1
5 
91.1
9 
42 5:33:00 
PM 
97.7 92.
14 
93.5
4 
93.2
2 
93.2
2 
92.1
8 
92.0
3 
91.1
5 
91.1
9 
43 5:43:00 
PM 
96.8 91.
24 
92.6
5 
92.3
3 
92.3
3 
91.2
9 
91.1
4 
90.2
6 
90.3
0 
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44 5:53:00 
PM 
95.9 90.
35 
91.7
5 
91.4
4 
91.4
4 
90.4
0 
90.2
5 
89.3
7 
89.4
1 
45 6:03:00 
PM 
95.9 90.
35 
91.7
5 
91.4
4 
91.4
4 
90.4
0 
90.2
5 
89.3
7 
89.4
1 
46 6:13:00 
PM 
95 89.
46 
90.8
6 
90.5
5 
90.5
5 
89.5
1 
89.3
6 
88.4
8 
88.5
2 
47 6:23:00 
PM 
94.1 88.
57 
89.9
7 
89.6
5 
89.6
5 
88.6
2 
88.4
7 
87.5
9 
87.6
3 
48 6:33:00 
PM 
93.2 87.
68 
89.0
7 
88.7
6 
88.7
6 
87.7
3 
87.5
8 
86.7
0 
86.7
4 
49 6:43:00 
PM 
93.2 87.
68 
89.0
7 
88.7
6 
88.7
6 
87.7
3 
87.5
8 
86.7
0 
86.7
4 
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Table 4.5: Percentage Error Calculation 
Time   Percentage Error Calculation    
Slot 1 ft   2 ft 3 ft 4 ft 5 ft 6 ft 7 ft 8 ft 
1 -0.12 -0.05 -0.11 -0.32 -0.13 -0.27 -0.11 0.37 
2 -0.27 -0.52 -0.58 -1.27 -1.08 -1.22 -1.22 -0.74 
3 -0.74 -1.00 -0.74 -1.59 -0.91 -1.05 -1.21 -0.73 
4 -0.10 -0.36 -0.42 -1.43 -0.92 -0.89 -1.05 -0.74 
5 0.05 -0.36 -0.26 -1.27 -0.59 -0.73 -0.89 -0.41 
6 0.21 -0.04 0.22 -0.62 0.04 -0.25 -0.41 -0.09 
7 0.22 -0.04 0.06 -0.94 -0.43 -0.72 -0.88 -0.41 
8 0.22 -0.04 0.06 -0.78 -0.27 -0.40 -0.72 -0.09 
9 0.37 -0.04 0.06 -0.94 -0.43 -0.56 -0.72 -0.25 
10 0.06 -0.19 0.22 -0.77 -0.27 -0.24 -0.71 0.07 
11 -0.10 -0.35 0.07 -0.77 -0.27 -0.24 -0.71 -0.08 
12 0.22 -0.04 -0.28 -0.94 -0.27 -0.40 -0.72 -0.09 
13 0.06 -0.35 -0.44 -1.09 -0.42 -0.40 -0.71 -0.08 
14 0.22 -0.04 -0.28 -1.09 -0.42 -0.56 -0.71 -0.24 
15 -0.10 -0.51 -0.60 -1.42 -0.42 -0.40 -0.71 0.07 
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16 0.06 -0.35 -0.76 -1.58 -0.74 -0.39 -0.87 -0.08 
17 -0.10 -0.35 -0.28 -1.09 -0.10 -0.08 -0.39 0.23 
18 0.06 -0.35 -0.60 -1.25 -0.26 -0.08 -0.55 0.08 
19 0.06 -0.19 -0.28 -0.93 -0.10 0.24 -0.23 0.39 
20 0.22 -0.04 -0.12 -0.93 -0.11 0.08 -0.39 0.23 
21 0.22 -0.03 0.04 -0.45 0.21 0.24 -0.39 0.23 
22 0.06 -0.35 -0.44 -0.93 -0.10 0.08 -0.39 0.23 
23 -0.10 -0.35 -0.44 -0.93 -0.10 0.24 -0.23 0.23 
24 0.06 -0.35 -0.44 -0.77 -0.10 0.24 -0.39 0.23 
25 0.06 -0.35 -0.46 -0.61 -0.10 0.24 -0.39 0.08 
26 -0.09 -0.35 -0.63 -0.61 -0.10 0.24 -0.23 0.23 
27 0.22 -0.03 0.01 -0.29 0.21 0.55 -0.07 0.39 
28 -0.10 -0.35 -0.47 -0.30 0.21 0.71 0.08 0.70 
29 0.22 -0.19 -0.62 -0.61 -0.26 0.08 -0.39 -0.08 
30 0.22 -0.20 -0.79 -1.26 -0.59 -0.24 -0.56 -0.09 
31 0.06 -0.19 -0.79 -0.93 -0.42 -0.08 -0.55 -0.24 
32 0.68 1.53 1.26 1.12 1.77 1.95 1.65 1.79 
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33 0.20 0.43 0.15 0.80 1.46 1.65 1.33 1.48 
34 0.20 0.59 0.80 0.64 1.62 2.11 1.80 1.95 
35 0.20 0.43 0.48 0.32 0.51 0.70 1.33 1.80 
36 0.36 0.59 0.64 0.48 0.67 0.86 0.86 1.01 
37 0.36 0.59 0.64 0.48 0.67 0.86 0.86 0.85 
38 0.52 0.75 0.80 0.64 0.83 1.02 1.02 1.01 
39 0.52 0.75 0.80 0.64 0.83 0.86 0.86 1.01 
40 0.36 0.59 0.64 0.48 0.67 0.86 0.86 0.85 
41 0.52 0.59 0.64 0.48 0.67 0.86 0.86 1.01 
42 0.35 0.59 0.64 0.48 0.83 0.86 0.86 0.85 
43 0.35 0.59 0.64 0.64 0.83 0.86 0.86 0.85 
44 0.51 0.75 0.80 0.64 0.83 1.02 1.02 1.01 
45 0.35 0.59 0.64 0.48 0.67 0.86 0.85 0.85 
46 0.35 0.59 0.64 0.48 0.67 0.86 0.85 0.85 
47 0.35 0.58 0.64 0.48 0.67 0.69 0.85 0.85 
48 0.51 0.58 0.64 0.48 0.67 0.86 0.85 1.01 
49 0.51 0.58 0.64 0.48 0.83 0.86 0.85 1.01 
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An error calculation was done for all 8 distances above-ground temperatures. The 
maximum error is less than 2 percent. The average percentage error is 0.5 %. The difference 
between the measured air temperature & the predicted air temperature increases with the 
height. The reason may be the wind effect, which I am not taking into consideration. The 
measured air temperature is close to the pavement temperature during sunset. But the 
predicted air temperature is lower.  
In the next section I will describe a commercial tool Envi-Met which I have used 
to simulate near-surface air temperatures. 
4.5        NEAR SURFACE AIR TEMPERATURE MODELING IN ENVI-MET 
Envi-Met is a holistic microclimate modelling system (http://www.envi-met.com/). 
It provides a basic version for free usage to non-commercial developers. This model helps 
to capture the surface-plant-air interactions in an urban environment. The Envi-Met 
application is used widely by people interested in climatology, anthropogenic heat, 
building design, environmental planning, etc. The three-dimensional model is based on the 
fundamental laws of fluid dynamics and thermodynamics. The model includes the 
simulation of:  
• Flow around and between buildings 
• Exchange processes at the ground surface and at building walls 
• Building physics 
• Impact of vegetation on the local microclimate 
• Bioclimatology 
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• Pollutant dispersion  
The study is done for a strip mall located in the city of Chandler, Arizona, USA. 
The area consists of many small stores, one big grocery chain, office, and restaurants. It is 
surrounded by a large, uncovered parking lot.  Figure 4.10 shows a google view of the site 
considered. I have specifically chosen this location because it includes small offices and 
stores, surrounded by big parking lots. This helps us to capture the microclimatic effect of 
pavement on increasing the surrounding air temperature. 
 
Figure 4.10: Satellite view of Mall parking lot for ENVI-MET modeling 
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The simulation for the above area is done using Envi-Met. The input file used is the 
strip mall surrounded by asphalt pavement. Figure 4.11 shows the input file. In the area 
input files three sensors are positioned to record the air temperature. These sensors are part 
of the model and are used to calculate the air temperature above the surface.  Data were 
simulated for 30th September  2010. The model was run for 24 hours for the input. The 
results were recorded for seven hours starting from 10:43 am in the morning to 5:43 pm in 
the evening. Local climate input like mean temperature, wind speed, wind direction, 
relative humidity are collected from the the nearby weather station, Phoenix Encanto, 
located at 33° 28' 45" N and 112° 05' 47" W, at an elevation of 335 m. The configuration 
file contains all details about the date, time and interval of  data collection. A screenshot of 
the configuration file is given in Figure 4.12. 
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Figure 4.11: Asphalt Parking Lot 
 
Figure 4.12: Configuration file for ENVI-MET 
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Experimental Result   
 
Measured, simulated and predicted air temperatures were plotted for comparison 
and the plot for 2m above pavement is shown in Figure 4.13. Overall, the predictions were 
within ±2% (1D model) and ±8% (Envi-Met) for the air temperature.  The 1D model, 
however, tends to underestimate the air temperature after sunset, whereas the smooth curve 
from the Envi-Met model slightly overestimates the air temperature. 
 
 
 
  
Figure 4.13: Air temperature above asphalt pavement on September 
30, 2010: comparison between the ENVI-MET prediction, the 1D 
model prediction, and the measured temperature at the ASU parking 
lot 
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5   BUILDING ENERGY CONSUMPTION 
5.1         OVERVIEW 
There is considerable interest in developing improved understanding of how nearby 
surface materials, especially man-made ones like parking lots and other paved surfaces, 
affect the energy performance of buildings.  This situation is complex and not easily 
described by simple models.  On the one hand, increasing the albedo of a parking lot 
adjacent to a building will reduce the pavement surface temperature, possibly leading to a 
reduction in air temperature above the pavement and thus a reduction in outside air 
temperature that the building experiences.  On the other hand, the increased pavement 
albedo will result in greater reflected solar radiation directed towards the building, thus 
possibly increasing the building solar load.  The first effect will tend to reduce the building 
energy consumption, while the second effect will tend to increase it.  In order to provide 
simple and modest guidance on understanding these interactions, the model  developed in 
Chapter 4 coupled with existing building energy simulation tools is used. The two most 
widespread building energy simulation tools used are as follows: 
 eQUEST (http://www.doe2.com/eQuest/ ) 
  EnergyPlus (http://apps1.eere.energy.gov/buildings/energyplus/ ).   
A detailed description of eQUEST software is in Appendix A. A detailed description of 
EnergyPlus software is in Appendix B. The weather input files, which include ambient air 
temperatures, to either of these codes are altered to reflect heating and/or cooling caused 
by nearby pavements.  In section 5.2 I have included the details for the eQuest-based 
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modeling results, while the details for the EnergyPlus-based modeling results are insection 
5.3. 
5.2         EFFECT OF AIR TEMPERATURE RISE IN EQUEST 
5.2.1 Building Description 
eQUEST requires a significant amount of inputs to represent the building and 
surrounding environment. The following provides a summary of the building input 
parameters used during this analysis. 
• 2-story office building made up of only one single zone, with no overhangs or fins. 
• Building total area of 25,000 ft2 
• Location:  Phoenix, Arizona 
A default office building in Equest was used for this analysis.  The building consists 
of one door and two windows on each face of the wall for the first floor. For the second 
floor there is one single window, covering the entire face of the wall.  The floor-to-floor 
height of the building is 12 feet, and the floor-to-ceiling height is 9 feet. Figure 5.1 shows 
a rectangular 2D view of the building. 
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Figure 5.1 Typical office building 2D view in Equest 
 
   
 
5.2.2 Evaluation of Energy Consumption for Per Degree Rise in Temperature using 
Equest. 
Elevated summertime temperatures in cities increase energy demand for cooling. 
Research shows that electricity demand for cooling increases 1.5–2.0% for every 1°F 
 Figure 5.2: Typical office building 3D view in Equest 
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(0.6°C) increase in air temperatures, starting from 68 to 77°F (20 to 25°C), suggesting that 
5–10% of community-wide demand for electricity is used to compensate for the heat island 
effect (27). Urban heat islands increase overall electricity demand, as well as peak demand, 
which generally occurs on hot summer weekday afternoons, when offices and homes are 
running cooling systems, lights, and appliances. During extreme heat events, which are 
exacerbated by urban heat islands, the resulting demand for cooling can overload systems 
and require a utility to institute controlled, rolling brownouts or blackouts to avoid power 
outages.  
 
In order to understand the effect of urban heat islands in Phoenix, I have studied 
the summertime maximum temperature increase in July for the years 1990 and 2009. The 
temperature data have been obtained from AZMET. It is observed that thirty days of July 
2009, have higher temperature than the corresponding days in 1990. The range of 
temperature difference can creep up to 16°F. Figure 5.4 is the July month max temperature 
for each day for the years 1990 and 2009.  
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Figure 5.4: July month max temperature for each day from year 1990 and year 2009 
 
In order to understand the urbanization of Phoenix over a long period of time, 
approximately from 1952 to 2005, the average July 15th temperature data have been plotted 
in Figure 5.5. It is observed that for most hours temperatures in TMY3 are hotter than 
TMY2, which are always higher than TMY.  The increase in temperature is directly 
proportional to the electricity consumption of space cooling. Figure 5.6 does show that 
more electricity is required to cool the same office space going from TMY to TMY3. 
Approximately the same building needs 5 times more energy to cool over a given  period 
of TMY2 to TMY3, than from TMY to TMY2. This makes sense as TMY data were based 
on 1952-1975 whereas TMY3 is based on 1991-2005. It clearly shows the impact of the 
UHI effect. 
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Figure 5.5: July 15th temperature  plotted for 24 hrs and compared between TMY, TMY2 and TMY3 
 
 
 
Figure 5.6: eQUEST estimation of office building electricity consumption for the month of July and 
compared between TMY, TMY2 and TMY3 
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A preliminary eQUEST calculation of the energy consumption of a 2-story office building 
in Phoenix was carried out as a function of mean ambient air temperature increase. The 
temperature for the month of July was increased by 1°F, 3°F, and 5°F. Then the electricity 
consumption for the office building is compared (Figure 5.7). The electricity consumption 
increase is approximately linear with the increase in the temperature. It is observed that for 
every 2°F increase, the electricity demand for cooling increases 5.1–6.1%.  However the 
peak electricity demand for cooling (Figure 5.8) didn’t show a linear pattern.   
 
Figure 5.7: Sensitivity of building cooling energy for every °F rise in temperature 
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Figure 5.8: Sensitivity of building peak cooling demand for every °F rise in temperature 
 
In a similar manner, in section 5.3, using EnergyPlus I have given the details of 
modeling of microclimate conditions, and go on to determine the resulting impact on 
building energy consumption.   
The reason to switch from Equest to EnergyPlus is that it is more detailed. In Equest 
I could not capture the effect of different types of pavement on the building cooling energy. 
EnergyPlus does not have that limitation. Also as we are changing the albedo from lower 
values to higher values, the ground reflectance also increases simultaneously. EnergyPlus 
can calculate that effect by using View Factor.  
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5.3         ESTIMATION OF BUILDING ENERGY CONSUMPTION WITH ENERGY PLUS 
5.3.1 Building Description 
EnergyPlus also requires a significant amount of input to represent the building and 
surrounding environment. The following provides a summary of the building input 
parameters used during this analysis. 
• 2-story office building divided into 9 zones with overhangs, reveals, detached 
shading, self-shading, windows and interzone surfaces. 
• Building area of 8,400 ft2 
• Location:  Phoenix, Arizona 
A default building in EnergyPlus was used for this analysis.  The building is 
surrounded by two trees on the east and west side and consists of 21 windows. Figure 5.9 
shows the plan view of the default structure used in EnergyPlus.  
 
Figure 5.9: EnergyPlus building plan view 
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The walls of this structure are divided into 4 layers: dense face brick, wall 
insulation, lightweight (LW) concrete block and plaster or gypsum board.  The slab of the 
building floor consists of concrete.  The second floor, which is also considered as the first 
floor ceiling, is divided into three layers: acoustic tile, ceiling airspace and heavyweight 
concrete.   The roof of the building is comprised of slag or stone on the outside layer and 
heavyweight concrete as the inner layer. Two membrane layers and dense insulation are 
placed as the intermediate layers.  A summary of EnergyPlus Software description can be 
found in Appendix B. 
5.3.2 Summer Energy Consumption 
The city of Phoenix is in a desert setting and is very hot by nature. The city is a 
masonry world, with buildings, roads, pavements and parking lots everywhere. These hard, 
heavy materials absorb heat efficiently and give it back more slowly than the naked land. 
Hypothetically, Phoenix functions like a thermal battery, soaking up energy during the day 
and releasing it at night, therefore resulting in an urban heat island.  However, for most 
local people, none of this is more than an inconvenience as long as the air conditioner  
keeps running and the utility bill gets paid. 
Total hourly energy consumption was modeled for July 18th, 2009,a hot summer 
day in Phoenix using EnergyPlus.  The month of July in the year 2009 was chosen because 
it was observed to be one of the hottest months in history from 1896 till 2009. Table 5.1 
below provides the partial simulation combinations that were performed during this study 
based on the pavement type, albedo and thickness combinations.  
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Table 5.1: EnergyPlus Design of Experiment (DOE) Matrix 
Pavement 
Type 
EnergyPlus Simulations 
HMA α=0.05 α=0.1 α=0.2 
2" ✔  ✔ 
4” 
   
8" ✔ ✔ ✔ 
10” 
   
PPCC α=0.18 α=0.25 α=0.35 
2 
   
4 
   
6 
   
8 ✔  ✔  ✔  
PCC α=0.15 α=0.25 α=0.35 
2” 
  ✔ 
4” 
   
8” 
 
✔ 
✔ 
10" ✔  ✔   ✔ 
UTW α=0.25 
  
2” ✔ 
  
4” ✔ 
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8” ✔ 
  
10” 
   
 
The analysis was performed on HMA, PPCC, PCC and UTW for sections thickness 
varying from 2 inches to 10 inches on a dry clay.  Albedo values of 0.05, 0.1 and 0.2 were 
used for HMA, values of 0.15, 0.25 and 0.35 for PCC, and values of 0.25 were used for  
UWT.  These values were selected to represent new, average and aged conditions 
of the pavement. Figure 5.10 provides a graphical comparison of hourly building energy 
demand for these pavement types.  The thickness is 8 inches for all 5 materials. It is  
understood that these thicknesses are not realistic for some pavement types (e.g, UTW is 
typically less than 4 inches), however, this was more of a theoretical exercise to study the 
Figure 5.10: Summer hourly energy consumption for a typical office building with various pavement 
material 
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possible effects of pavement thickness in the EnergyPlus software. It is also realized that 
the base and subbase layers also play a role in the overall temperature effects; this was not 
studied in this analysis. Table 5.2 shows the albedo of all the pavement material used in 
the EnergyPlus simulation. 
Table 5.2: Pavement material and albedo used in EnergyPlus modeling 
 
 
It is interesting to note that while the case with HMA requires the highest peak 
energy, the demand drops quickly thereafter.  This is consistent with the expected behavior 
of HMA material in that the possible air voids structure allows the surface temperature to 
dissipate quickly.  The PCC has the second lowest hourly energy demand during the day; 
the plateau of the graph is consistent with the temperature behavior of PCC material.  This 
material has lower daytime surface temperatures but retains heat longer due to higher 
thermal mass.  Thus, offpeak energy demand stays highest for the PCC than for the HMA, 
PPCC and PPCC* pavements.  In order to evaluate whether the reduced nighttime energy 
demands for the other material offset the higher daytime energy requirements, the 
cumulative daily energy demand can be calculated (as an example) for July 18, 2009,  
which is plotted in Figure 5.11. 
Material Albedo
PPCC 0.18
PPCC* 0.25
  PCC 0.25
UTW 0.25
HMA 0.1 
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Basically, the EnergyPlus results indicate that the total energy consumption of all surfaces 
is correlated with their albedos.  Surfaces having higher albedos are relativelycooler; 
therefore they provide a cooler surrounding environment and require less cooling 
electricity consumption. The UTW design appears to be a winning strategy, where the peak 
and offpeak daily energy consumption are among the lowest. 
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In Figure 5.12 I observe that a) the surface temperature and cooling energy 
consumption are directly proportional; b) the difference between the microclimatic air 
temperature and the weather station air temperature can vary up to 25°C; c) after the sun 
goes down the surface temperature and cooling electricity consumption of the pavements 
drop significantly; d) after sunset, the surface temperatures still remain above the average 
air temperature indicating a heat transfer to the air through convection and radiation. 
Figures 5.13 and 5.14 show the EnergyPlus output for the building energy 
consumption for different pavement material thickness. For the same albedo it is observed 
that daytime electricity consumption is maximum for pavement with less thickness. At 
Figure 5.12: Summer hourly report for HMA pavement surface temperature, near surface 
air temperature, weather station air temperature and typical office building energy 
consumption 
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night the difference between the pavements is negligible. At times the pavement with 
greater thickness may have minimum surface temperature and electricity consumption. 
 
 
Figure 5.13: Electricity consumption for the office building for different pavement material 
thickness (PCC) 
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5.3.3 Uncertainty Analysis of Building Cooling Energy Consumption 
Uncertainty in building cooling energy estimation from EnergyPlus can be 
calculated in the following equation: 
 9:;<_>?@ = AB9:;<_>C' + 9:;<_'  (5.1) 
Where 9:;<_>?@ is the total uncertainty in the building cooling energy 
consumption estimation, 9:;<_>C is the uncertainty in the building cooling energy 
consumption caused by the uncertainty in the pavement near-surface air temperature and 
9:;<_  is the uncertainty in the building cooling energy consumption caused by the 
uncertainty in the albedo of the pavement material. In Sections 4.4 and 4.5 we have 
described that the error associated with the near-surface air temperature prediction using 
the 1-D model is A2 %. With maximum near surface air temperature of HMA predicted 
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around ~ 65 °C, the error in estimating that temperature is ~ 1.3 °C. It has also been shown 
in Section 5.2 that for every degree C increase in air temperature, the building cooling 
energy consumption increases by ~ 3%. Hence, due to the error in air temperature 
prediction, the uncertainty in building cooling energy consumption can as high as: 
9:;<_>C ≈ 1.3 × 3% ≈ 3.9%.  
The sensitivity of albedo on the building cooling energy consumption has been 
shown in Section 5.3. While comparing the various pavement materials, I have used fixed 
albedo values (nominal) for the EnergyPlus building simulation. The albedo for the 
pavement materials can vary as high as A0.1. Hence, due to pavement albedo value 
variation, the uncertainty in building cooling energy consumption can be as high as 
~14.2%. The total contribution of near-surface air temperature uncertainty and pavement 
albedo uncertainty on the building energy consumption can be estimated from Equation 
5.1. That gives 9:;<_>?@ = AJ3.9%' + 14.2%' ≈ A14.7%. This uncertainty is 
mainly dominated by the pavement albedo due to its possible wide range of values. The 
error bars because of the uncertainity analysis have been plotted and shown in the Figure 
5.11. 
 
 
5.4.4 Summary 
A detailed full model of a building with paved parking lot was developed in 
EnergyPlus. In this modeling study pavement type, albedo and pavement material thickness 
were varied. It was concluded that the total energy consumption of all surfaces are 
correlated with their thermal characteristics.  Surfaces having higher albedos are relatively 
cooler and the surrounding building required less cooling electricity consumption based on 
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the tools used in this study. For the same albedo it is observed that day time electricity 
consumption is maximum for pavement with less thickness. At night the differences 
between the pavements are negligible. At times the pavement with greater thickness also 
resulted in minimum surface temperature and electricity consumption. The UTW design 
appears to be a winning strategy, where the peak and offpeak daily energy consumption 
are among the lowest. Uncertainty analysis on the building energy consumption was 
calculated to be ~±15%. It is mainly dominated by pavement albedo due to its possible 
wide range of values. 
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6   CONCLUSIONS 
In recent years exploring different ways to mitigate the effects of UHI has gained 
the attention of researchers, industry and public officials. This study has looked into the 
impact of pavement material on the near-surface air temperature and nearby office building 
cooling energy consumption. A simple one-dimensional heat transfer model was developed 
to estimate pavement surface temperature and near-surface air temperature. Experimental 
air temperature data were collected as a function of height above pavement and were used 
to fit the near-surface air temperature correlation. Detailed EnviMET software modeling 
was done to estimate pavement and near-surface air temperature and compared to the one-
dimensional heat transfer model.  
Commercial software (eQUEST and EnergyPlus) were used to demonstrate and 
estimate a typical office building energy consumption with microclimactic impact like 
nearby pavement impact on local air temperature. A preliminary eQUEST calculation of 
the energy consumption of a 2-story office building in Phoenix  was done as a function of 
mean ambient air temperature increase. Ambient temperatures for the month of July were 
increased by 1°F, 3°F and 5°F, followed by a comparison of the corresponding electricity 
consumption for the office building. The electricity consumption increase is approximately 
linear with the increase in the temperature. It is observed that for every 2°F electricity 
demand for cooling increases 5.1–6.1%. This sensitivity is expected since cooling energy 
consumption is directly proportional to local air temperature. A detailed full model of a 
building with paved parking lot was developed in EnergyPlus. In this modeling study 
pavement type, albedo and pavement material thickness were varied. It was concluded that 
the total energy consumption of all surfaces are correlated with their thermal 
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characteristics.  Surfaces having higher albedos are relatively cooler and the surrounding 
building required less cooling electricity consumption based on the tools used in this study. 
For the same albedo it is observed that day time electricity consumption is maximum for 
pavement with less thickness. At night the differences between the pavements are 
negligible. At times the pavement with greater thickness also resulted in minimum surface 
temperature and electricity consumption. The UTW design appears to be a winning 
strategy, where the peak and offpeak daily energy consumption are among the lowest. 
.  
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APPENDIX A 
EQUEST SOFTWARE DESCRIPTION 
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Equest is one of the most sophisticated building energy simulation tools. In this era 
it is frequently used for energy modeling. It is designed to allow the users to perform 
detailed analysis of today’s state-of-the-art building technologies without requiring 
extensive experience in the "art" of building performance modeling. This is made possible 
because eQUEST's DOE-2-derived engine is combined with features like building creation 
wizard, an energy efficiency measure wizard, industry standard input defaults, and a 
graphical results display module. eQuest has made simulation very easy. It walks you 
through the creation of a detailed building model, providing drop down menus to select 
predefined options that best fits our design needs.  Next, it automatically analyzes and 
presents output data in intuitive graph format.  It permits programmers to provide 
professional-level results in an affordable level of effort.  
eQUEST calculates hourly buildng energy consumption over a time period of one 
year, i.e., 8760 hours. It uses the hourly weather data file as input for the location under 
observation. Input to the program consists of a detailed description of the building being 
analyzed, including hourly scheduling of occupants, lighting, equipment, and thermostat 
settings. The simulation process begins by developing a "model" of the building based on 
building plans and specifications. A baseline building model that assumes a minimum level 
of efficiency is then developed to provide the base from which energy savings are 
estimated. Alternative analyses are made by making changes to the model that correspond 
to efficiency measures that could be implemented in the building. These alternative 
analyses result in annual utility consumption and cost savings. After all of the simulation 
runs have been completed, from the eQUEST analysis tool bar, the output reports can be 
viewed in graphical form. Equest does give reliable and detailed results. 
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Input 
A new project has been created using the Schematic Design Wizard. This is used for 
general design phases which involve small or simple structures and straightforward 
analysis of internal loads and HVAC.  Figure 5.3 shows the GUI for Equest to input 
building properties. 
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Figure 5.3: Equest GUI for building details 
 
Weather File Input 
 
Typical Meteorological Year (TMY) 
• It is a set of hourly values of solar radiation and meteorological data used in solar 
energy conversion systems and building energy modeling. 
•  It is a representative of the long term climate of a location.  
• It is not useful for simulation of worst-case conditions.  
Phoenix weather data were downloaded from TMY, TMY2 and TMY3. TMY data sets 
were derived from the 1952-1975 SOLMET/ERSATZ data base. TMY2 data sets were 
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derived from the 1961-1990 National Solar Radiation Data Base (NSRDB). TMY3 data 
sets were derived from 1991-2005 National Solar Radiation Data Base (NSRDB) archives. 
Because they are based on more recent and accurate data, these new TMY3 data sets are 
recommended for use in place of earlier TMY2 data. The TMY3 data set contains data for 
1020 locations, compared with 239 for the TMY2 data set 
(http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/). 
 
Weather File Modification 
We worked on the Equest weather file (TMY2). We downloaded Phoenix, AZ 
weather file from the DOE website and were able to modify that file. The files are in *.bin 
format, so we had to use separate software to edit it. The data contains typical 
meteorological whole year data (8760 hours), for e.g. dry bulb and wet bulb temperatures. 
This file can be modified and saved again as a *.bin file. This then can be read in the Equest 
software. For example, we made a typical two-story office building and ran that with 
Phoenix AZ TMY2 weather file. Then we modified the file and increased the temperature 
by 4°F for every hour for a whole year. Then we ran the model again. We can then compare 
the effect of the temperature increase on the total energy consumption of the building. 
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APPENDIX B 
ENERGYPLUS SOFTWARE DESCRIPTION 
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The EnergyPlus program is a collection of many program modules that work 
together to calculate the energy required for heating and cooling a building using a variety 
of systems and energy sources. In Figure 5.15 the different modules and their interactions 
with each other is represented. It does energy calculations by simulating the building and 
associated energy systems when they are exposed to different environmental and operating 
conditions. The core of the simulation is a model of the building that is based on 
fundamental heat balance principles.  
 
 
Figure 5.15 EnergyPlus Modules Interface 
Features: 
 Fully integrated building & HVAC simulation program 
 Based on best features of BLAST and DOE-2 plus new capabilities 
 Windows 95/98/NT/2000/XP & Linux 
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 Simulation engine only 
 Interfaces available from private software developers  
 
Concepts: 
 Time dependent conduction 
 Migration between zones 
 Only models what is explicitly described 
 Heat balance loads calculation (one of two load calculation methods recommended 
by ASHRAE) 
 Moisture balance calculation 
 Simultaneous building/systems solution 
 Sub-hourly time steps 
 Modular HVAC system simulation 
 No surface, zone or system limits  
 
Input Description 
Simulation Control 
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Control sizing calculations, if present. 
Control environment 
Simulate sizing periods, if present. Sizing Periods with hourly output was done, for 
faster and easier to understand data output. 
Simulate weather run periods, if present. 
 
Building 
The Building object describes parameters that are used during the simulation of the 
building.  
Field: Building Name 
Building name is specified for output convenience. 
 
Field: North Axis 
The Building North Axis is specified relative to true North. Buildings frequently do not 
line up with true north. The value of “North Axis” is ignored if a coordinate system other 
than “relative” is used. 
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Field: Terrain 
The site’s terrain affects how the wind hits the building – as does the building height. In 
addition, the external conduction method usually has its own parameters for the calculation. 
Please see the Engineering Documentation, External Conduction section for particulars. 
The legal values for this field are shown in the following table. 
 
Terrain Type Value Terrain Description 
  
Country Flat, Open Country 
Suburbs Rough, Wooded Country, Suburbs 
City Towns, city outskirts, center of large cities 
Ocean Ocean, Bayou flat country 
Urban Urban, Industrial, Forest 
 
 
 
 
Field: Loads Convergence Tolerance Value 
  92 
This value represents the number at which the loads values must agree before 
“convergence” is reached. Loads tolerance value is a fraction of the load. 
 
Field: Temperature Convergence Tolerance Value 
This value represents the number at which the zone temperatures must agree (from previous 
iteration) before “convergence” is reached. (Units for this field is delta C). 
 
Field: Solar Distribution 
Setting this value determines how EnergyPlus treats beam solar radiation and reflectances 
from exterior surfaces that strike the building and, ultimately, enter the zone.  
FullInteriorAndExterior: the program will also calculate how much beam radiation 
falling on the inside of an exterior window (from other windows in the zone) is absorbed 
by the window, how much is reflected back into the zone, and how much is transmitted to 
the outside. 
• Direct beam solar radiation falls on all surfaces in the zone in the direct path of the 
sun’s rays 
• Solar entering one window can leave through another window 
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• Walls, Roofs, Windows, etc. Uses exterior material absorptance/reflectance 
properties 
 
Field: Maximum Number of Warmup Days 
This field specifies the number of “warmup” days that might be used in the simulation 
before “convergence” is achieved. The default number, 25, is usually more than sufficient 
for this task;  
 
Site:Location 
The location class describes the parameters for the building’s location. Only one location 
is allowed. Weather data file location, if it exists, will override any location data in the IDF. 
Thus, for an annual simulation, a Location does not need to be entered. 
 
Field: Name 
This alpha field is used as an identifying field in output reports. 
 
Field: Latitude 
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This field represents the latitude (in degrees) of the facility. By convention, North Latitude 
is represented as positive; South Latitude as negative. Minutes should be represented in 
decimal fractions of 60. (15’ is 15/60 or .25) 
 
 
Field: Longitude 
This field represents the longitude (in degrees) of the facility. By convention, East 
Longitude is represented as positive; West Longitude as negative. Minutes should be 
represented in decimal fractions of 60. (15’ is 15/60 or .25) 
 
Field: Time Zone 
This field represents the time zone of the facility (relative to Greenwich Mean Time or the 
0th meridian). Time zones west of GMT (e.g. North America) are represented as negative; 
east of GMT as positive. Non-whole hours can be represented in decimal (e.g. 6:30 is 6.5). 
Field: Elevation 
This field represents the elevation of the facility in meters (relative to sea level). 
RunPeriod 
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The RunPeriod object describes the elements necessary to create a weather file simulation. 
Multiple run periods may be input. EnergyPlus accepts weather files in the special 
EnergyPlus weather format (described briefly below this document and in more detail in 
the Auxiliary Programs document). These files can describe Daylight Saving Time periods 
as well as holidays within their definitions. The RunPeriod object allows the user to 
override the use of both the Daylight Saving Period (i.e. use or ignore) and holidays that 
are embedded within the weather file. Note that the weather file also may contain design 
condition information, typical and extreme period information, ground temperatures based 
on air temperature calculations. 
Field: Name 
This optional field allows the RunPeriod to be named for output reporting. When left blank, 
the weather file location name is used. Note that the weather file location name will be 
appened to this name in tabular/summary reports. 
 
Field: Begin Month 
This numeric field should contain the starting month number (1=January, 2=February, etc.) 
for the annual run period desired. 
 
Field: Begin Day of Month 
  96 
This numeric field should contain the starting day of the starting month (must be valid for 
month) for the annual run period desired. 
 
Field: End Month 
This numeric field should contain the ending month number (1=January, 2=February, etc.) 
for the annual run period desired. 
 
Field: End Day of Month 
This numeric field should contain the ending day of the ending month (must be valid for 
month) for the annual run period desired. 
 
Field: Day of Week for Start Day 
For flexibility, the day of week indicated on the weather file can be overridden by this 
field’s value. Valid days of the week (Sunday, Monday, Tuesday, Wednesday, Thursday, 
Friday, Saturday) must be entered in this field. To clarify, this value will be used as the 
Start Day (type) for this run period and subsequent days will be implemented. If a blank or 
UseWeatherFile is entered here, then the starting day type will be calculated from the 
weather file (ref: Auxiliary Programs document about Data Periods). 
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Field: Use Weather File Holidays and Special Days 
Weather files can contain holiday designations or other kinds of special days. These day 
types cause a corresponding day’s schedule (see SCHEDULE definitions below) to be used 
during that day. This field should contain the word Yes if holidays or other special days 
indicated directly on the weather file should retain their “day type” or No if holidays or 
other special days on the weather file should be ignored. Reference the 
RunPeriodControl:SpecialDays object below to enter your own special days and holidays. 
Note that a blank or null field in this field will indicate Yes. 
 
Field: Use Weather File Daylight Saving Period 
Weather files can contain indicators of Daylight Saving period days. For flexibility, you 
may want to ignore these designations on the weather file. This field should contain the 
word Yes if you will accept daylight saving period days as contained on the weather file 
(note: not all weather files may actually have this period) or No if you wish to ignore 
Daylight Saving period days that may be on the weather file. 
Note that a blank or null field in this field will indicate Yes. 
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Field: Apply Weekend Holiday Rule 
In some countries (notably the US), when holidays fall on weekends, they are often 
observed on a weekday close to the holiday day. (Usually if the specific day falls on a 
Saturday, the observed day is Friday; if on a Sunday, the observed day is Monday). 
EnergyPlus will represent this custom using the value in this field. If the field is Yes, then 
specific date holidays that have a duration of one day, will be “observed” on the Monday 
after the day. (Specific day holidays are such as January 1 – a day-month combination). If 
the field is blank or No, then the holiday will be shown on the day-month as entered. As 
this option is listed at the RunPeriod, all applicable special days for the run will use the 
rule – there is no override for individual special days. 
Note that a blank or null field in this field will indicate No. 
Note: EnergyPlus processed weather files available on the EnergyPlus web site: 
http://www.energyplus.gov/cfm/weather_data.cfm have neither special days specified nor 
daylight saving period. However, DDY (Design Day) files produced from the ASHRAE 
Design Conditions that accompany the EPW files may include a DaylightSavingPeriod 
object for certain locations. 
Field: Use Weather File Rain Indicators 
Weather files can contain “rain” indicators. (EPW field “Present Weather Codes” – 
described in the Auxiliary Programs document). In turn, rain indicates wet surfaces which 
changes the film convection coefficient for the surface. Other models may use rain as well 
(Ground Heat Exchangers). Entering “Yes” in this field allows the weather file conditions 
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to represent “Rain”; entering “No” in the field “turns off” the rain indicator for this period. 
You might use this to be able to compare two “same location” weather files of different 
years, origins, etc. 
 
Field: Use Weather File Snow Indicators 
Weather files can contain “snow” indicators. (EPW field “Snow Depth” > 0 indicates 
“Snow on the ground”). In turn, snow changes the reflectivity of the ground and cascades 
changes of this reflectivity. Entering “Yes” in this field allows the weather file conditions 
to represent “Snow”; entering “No” in the field “turns off” the snow indicator for this 
period. You might use this to be able to compare two “same location” weather files of 
different years, origins, etc. 
 
Site:GroundTemperature:BuildingSurface 
Ground temperatures are used for the ground heat transfer model. There can be only one 
ground temperature object included, and it is used as the outside surface temperature for 
all surfaces with Outside Boundary Condition=Ground.  
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Site:GroundReflectance 
Ground reflectance values are used to calculate the ground reflected solar amount. This 
fractional amount (entered monthly) is used in this equation: 
 
Of course, the Ground Reflected Solar is never allowed to be negative. The ground 
reflectance can be further modified when snow is on the ground by the Snow Ground 
Reflectance Modifier. To use no ground reflected solar in your simulation, enter 0.0 for 
each month. 
 
Output Reporting Flexibility 
Select any variables available for output 
Specify output at time step, hourly, daily, monthly, or environment intervals 
Schedule each output variable 
Select various meters by resource and end-use 
Programming Highlights 
!-   ===========  ALL OBJECTS IN CLASS: SIMULATIONCONTROL 
=========== 
SimulationControl, 
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    No,                      !- Do Zone Sizing Calculation 
    No,                      !- Do System Sizing Calculation 
    No,                      !- Do Plant Sizing Calculation 
    Yes,                     !- Run Simulation for Sizing Periods 
    Yes;                     !- Run Simulation for Weather File Run Periods 
 
!-   ===========  ALL OBJECTS IN CLASS: BUILDING =========== 
Building, 
   BUILDING ,     !- Name 
    0,                      !- North Axis {deg} 
    City,  !- Terrain 
    3.9999999E-02,           !- Loads Convergence Tolerance Value 
    0.4000000,               !- Temperature Convergence Tolerance Value {deltaC} 
    FullInteriorAndExterior, !- Solar Distribution 
    25;                      !- Maximum Number of Warmup Days 
 
!-   ===========  ALL OBJECTS IN CLASS: SITE:LOCATION =========== 
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Site:Location, 
    PHOENIX_AZ_USA_WMO_722780,  !- Name 
    33.42,                   !- Latitude {deg} 
    -112.02,                !- Longitude {deg} 
    -7.00,                    !- Time Zone {hr} 
    339.00;                 !- Elevation {m} 
 
!-   ===========  ALL OBJECTS IN CLASS: RUNPERIOD =========== 
 
RunPeriod, 
    ,                        !- Name 
    7,                       !- Begin Month 
    18,                      !- Begin Day of Month 
    7,                       !- End Month 
    18,                      !- End Day of Month 
    UseWeatherFile,          !- Day of Week for Start Day 
    Yes,                     !- Use Weather File Holidays and Special Days 
    Yes,                     !- Use Weather File Daylight Saving Period 
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    No,                      !- Apply Weekend Holiday Rule 
    Yes,                     !- Use Weather File Rain Indicators 
    Yes;                     !- Use Weather File Snow Indicators 
 
!-
===========ALLOBJECTSINCLASS:SITE:GROUNDTEMPERATURE:BUILDI
NGSURFACE =========== 
 
Site:GroundTemperature:BuildingSurface, 
    00.00,                   !- January Ground Temperature {C} 
    00.00,                   !- February Ground Temperature {C} 
    00.00,                   !- March Ground Temperature {C} 
    00.00,                   !- April Ground Temperature {C} 
    00.00,                   !- May Ground Temperature {C} 
    00.00,                   !- June Ground Temperature {C} 
    20.61,                   !- July Ground Temperature {C} 
    00.00,                   !- August Ground Temperature {C} 
    00.00,                   !- September Ground Temperature {C} 
    00.00,                   !- October Ground Temperature {C} 
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    00.00,                   !- November Ground Temperature {C} 
    00.00;                   !- December Ground Temperature {C} 
 
!-   ===========  ALL OBJECTS IN CLASS: SITE:GROUNDREFLECTANCE 
=========== 
 
Site:GroundReflectance, 
    0.2,                     !- January Ground Reflectance {dimensionless} 
    0.2,                     !- February Ground Reflectance {dimensionless} 
    0.2,                     !- March Ground Reflectance {dimensionless} 
    0.2,                     !- April Ground Reflectance {dimensionless} 
    0.2,                     !- May Ground Reflectance {dimensionless} 
    0.2,                     !- June Ground Reflectance {dimensionless} 
    0.25,                    !- July Ground Reflectance {dimensionless} 
    0.2,                     !- August Ground Reflectance {dimensionless} 
    0.2,                     !- September Ground Reflectance {dimensionless} 
    0.2,                     !- October Ground Reflectance {dimensionless} 
    0.2,                     !- November Ground Reflectance {dimensionless} 
    0.2;                     !- December Ground Reflectance {dimensionless} 
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!-   ===========  ALL OBJECTS IN CLASS: BUILDINGSURFACE:DETAILED 
=========== 
 
BuildingSurface:Detailed, 
    Zn001:Wall001,           !- Name 
    Wall,                    !- Surface Type 
    EXTERIOR,                !- Construction Name 
    ZONE 1 @ 200 601 0 T,    !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    0.5000000,               !- View Factor to Ground 
 
 
!-   ===========  ALL OBJECTS IN CLASS: 
OUTPUT:METER:METERFILEONLY =========== 
Output:Meter:MeterFileOnly, 
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    DistrictCooling:Facility ,  !- Name 
    Hourly;                  !- Reporting Frequency 
Weather Input 
 In order to perform simulations of building energy demand, weather 
data is required as input to the program.  Hourly weather data for the Phoenix, AZ area 
were obtained from the Arizona Meteorological Network (AZMET), Phoenix Encanto 
weather station.  The weather station provides climatic data such as air temperature, dew 
point temperature, wind speed and solar radiation.  In order to determine the effect of 
pavement surface temperatures on adjacent building temperatures, diurnal pavement 
surface temperatures from the ASU model were used in the analysis.  EnergyPlus requires 
hourly air temperature (Tair) as input and cannot account for the effect of pavement surface 
temperature on air temperature directly.  In order to account for the effects of pavement 
temperature on the surrounding air, calculated air temperature was used as model input.  
This value can then be substituted in the dry bulb temperature column of the TMY file. 
After changes in the temperature data field are made, the format of the file is changed from 
csv to epw. 
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Figure 5.16 Screenshot Weather File Conversion 
The Figure 5.16 shows a detailed screenshot of how the format of the weather file is 
changed from csv to epw. For successful running of the program, it is important for the 
weather file to be in EnergyPlus formatted data. 
Running EnergyPlus: 
1) Start EP-Launch 
2) Select Input & Weather files 
3) Run EnergyPlus 
4) View Output files 
 
Select Input Weather File 
Choose output format from Dropdown 
Input file name to save 
Click to convert file lick to convert file 
